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Common deletion (CD) 4977 bp of mitochondrial DNA (mtDNA) disrupt specifically mitochondrial complex I, IV and V on the electron
transport chain (ETC) and is closely associated with wide spectrums of clinical manifestations. To quantitatively investigate how CD-induced ETC
defect alters mitochondrial reactive oxygen species (mROS) generation as well as down stream apoptotic signaling, we employed an established
array of human CD cytoplasmic hybrids (cybrids) harboring 0%–80% of CD. Pathological effects of CD on the mitochondria were visualized at
single cell level by the application of fluorescent probes coupled with conventional and multiphoton imaging microscopy. Intriguingly, we
observed CD-augmented mROS generation omitted ‘‘threshold effect’’. CD-augmented mROS generation was associated with depolarized
mitochondrial membrane potential (DWm). Upon oxidative stress, the amount of CD-augmented mROS generation was greatly enhanced to cause
pathological apoptotic deterioration including opening of the mitochondrial permeability transition, cytochrome c release, phosphatidylserine
externalization and DNA fragmentation. In addition, heterogeneous mitochondrial dysfunctions were found in cybrids containing 80% of CD (D
cybrids), i.e., low sensitive-D (LS-D, roughly 80%) and a super sensitive-D (SS-D, 20%). As compared to LS-D, SS-D had higher resting mROS
level but slightly hyperpolarized DWm. Upon H2O2 treatment, much faster generation of mROS was observed which induced a faster
depolarization of DWm and later apoptotic deterioration in SS-D. We proposed a dose-dependent, feed-forward and self-accelerating vicious cycle
of mROS production might be initiated in CD-induced ETC defect without threshold effect. As CD-augmented mROS generation is obligated to
cause an enhanced pathological apoptosis, precise detection of CD-augmented mROS generation and their degree of heterogeneity in single cells
may serve as sensitive pathological indexes for early diagnosis, prognosis and treatment of CD-associated diseases.
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Mitochondrial reactive oxygen specie1. Introduction
Human mitochondrial DNA (mtDNA) is a 16,569-bp
double-stranded circular molecule which contains 37 genes to
encode 13 polypeptides for the mitochondrial electron transport
chain (ETC), 2 rRNAs and 22 tRNAs for mitochondrial protein
synthesis (Fig. 1) [1]. Due to lack of nuclear protective0925-4439/$ - see front matter D 2005 Published by Elsevier B.V.
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mtDNA endures a much higher rate of mutation [2–4].
Mutations of mtDNA are closely associated with wide
spectrums of clinical manifestations ranging from mild muscle
weakness to fatal infantile diseases [2,4–8]. A most commonly
seen large scale deletion 4977 bp of mtDNA (so called ‘‘large
scale deletion’’ or ‘‘common deletion’’, CD) appears between
two 13-bp direct repeats in the mtDNA sequence at nucleotide
positions 13,447–13,459 and 8470–8482 [9–12]. CD encodes
for five of the 22 tRNA genes for mitochondrial protein
synthesis and seven polypeptide components of the ETC1762 (2006) 241 – 255
http://www
Fig. 1. The site for CD in human mtDNA map. Human mtDNA is a double-stranded circular molecule of 16,569 bp. The site for CD is indicated by a black line
between nucleotide positions 8470 and 13,447 that encodes four polypeptides (ND3–ND5, ND 4L) in complex I, one polypeptide (COIII) in complex IV, two
polypeptides in complex V (ATPase 6, ATPase 8) and five polypeptides for tRNA. (This figure is used with permission from www.mitomap.org.)
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one peptide (COIII) in complex IV, and two peptides in
complex V (ATPase 6, ATPase 8). Clinically, CD are closely
associated with several mitochondrial diseases including
Pearson’s syndrome (a rapidly fatal disorder of infancy
characterized by sideroblastic anemia and exocrine pancreas
dysfunction), Kearns–Sayre syndrome (KSS, a multisystem
disorder with onset before age 20 of impaired eye movements,
ptosis, pigmentary retinopathy and heart block) and chronic
progressive external ophthalmoplegia (CPEO, a disorder
similar to KSS with later onset) [13]. Furthermore, CD is
closely connected to neuromuscular dysfunction, neurodegen-
eration and aging [9,14]. CD-induced cellular alterations
frequently involve distinct macroscopic pathological charactersof ‘‘heteroplasmy’’ and ‘‘threshold effect’’. Typically, individ-
ual cell contains hundreds of mitochondria with multiple copies
of mtDNA (2 to 10 copies) in each mitochondrion. During cell
division, mutant mtDNA in abnormal mitochondria are
segregated with varying proportions into different descendant
cells. Mitochondria also constantly undergo fission and fusion
[15]. Highly heteroplasmic mixtures of offspring cells with
various amount of mutant mtDNA in mitochondria thus can be
formed. The heteroplasmy attributes significantly to the diverse
clinical pathological consequences found from the same
mtDNA mutation [16]. mtDNA mutation-induced pathological
consequences in a particular organ or tissue often require a
minimum critical amount of defected mtDNA, i.e., the
‘‘threshold effect’’ [17,18]. Accordingly, the presence of a
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to diseases manifestation which results in genetic counseling,
prenatal diagnosis as well as clinical prognosis of mitochon-
drial diseases extremely difficult. Disclosure of the precise
cellular mechanisms involved in ‘‘threshold effect’’ as well as
determination of the degree of ‘‘heteroplasmy’’ at single cell
level have become crucial for unveiling how a specific mtDNA
mutation links to its final pathological consequences as well as
their clinical prognosis and treatment.
In addition to the ETC defect-induced ATP deficiency,
reactive oxygen species (ROS) has been proposed as an
additional critical connection for mutant mtDNA-associated
cell deterioration [19]. The mitochondria-originated ROS
(mROS) produced by the ETC, in fact, are the major cellular
ROS source [20–22]. High mROS gradient has been precisely
visualized in the intact cells by advanced fluorescence imaging
microscopy [23]. Electrons leak out mainly from complex I and
III to interact with molecular oxygen (O2) to form superoxide
anion (O2
S). O2S can be dismutated by the mitochondrial Mn-
superoxide dismutase into H2O2. Alternatively, H2O2 can be
converted to the highly toxic
S
OH in the presence of reduced
transition metals [24]. mROS production can be significantly
augmented by stresses initiated by oxidants [25,26], laser
irradiation [23,27–29], mitochondrial diseases [19,29,30] and
aging [31]. Functional inhibition of mitochondrial complex I
(by rotenone [32] or 1-methyl-4-phenylpyridinium [33]) and
complex III (by antimycin A) [34] also elevates mROS level.
Particularly, mROS formation can be dramatically enhanced by
mtDNA point mutation 8993T>G in the complex VATPase 6
[29,35] or by genetically knocking out mitochondrial adenine
nucleotide translocator gene for partial oxidative-phosphoryla-
tion defect [19]. On the contrary, when the ETC is shut down
by removing entire mtDNA (q0), mROS production was
reported to be greatly inhibited [36]. Intriguingly, several
reports show respiratory-deficient q0 are more resistant to
apoptotic insults than their q+ cells [37–39].
In the case of CD, it engulfs more than one third (4977/
16,569) of mtDNA to cause specific defect in complex I, IV
and V of the ETC. This study, therefore, was cautiously
designed to unveil how such deletion of mtDNA can alter
mROS generation as well as its down stream apoptotic
signaling. To quantitatively visualize single cell level of
pathological effects caused by various amount of CD, we
employed an established array of human CD cytoplasmic
hybrids (cybrids) harboring 0%–80% of CD (see method and
Fig. 2) together with the application of mitochondrial specific
fluorescent probes coupled with conventional and multiphoton
imaging microscopy. mROS generations at resting and upon
oxidative stress induced by treatment of H2O2 in four line
cybrids were cautiously explored by using a ROS probe, 2V,7V-
dichlorodihydrofluorescein (DCF). Specifically, we asked
whether or not CD-augmented mROS generation involves
‘‘threshold effect’’. The precise correlation between mROS
formation and mitochondrial membrane potential (DWm)
depolarization was measured by simultaneously imaging dual
fluorescence of DCF and tetramethyl rhodamine ethyl ester
(TMRM) in cybrids containing 0% (wild type, W cybrid) and80% (D cybrid) of CD. The degree of heterogeneity of
mitochondrial dysfunction at single cell level was investigated
in detail. Finally, we explored whether or not CD-induced ETC
defect affects the capability for mitochondria to arbitrate
apoptosis by imaging mitochondrial morphology, cytochrome
c release, phosphatidylserine (PS) externalization, caspase-3
activation and nuclear condensation and laddering upon
treatment of H2O2.
2. Materials and methods
2.1. Cell preparation-establishment and culture of CD cybrids
Cybrids containing 0%–80% of CD were established according to the
procedures developed by King and Attardi [40,41]. The mtDNA-free cells, q0,
were obtained from human 143B osteosarcoma cells treated with ethidium
bromide (100 Ag/ml). Human skin fibroblasts established from a patient with
CPEO were enucleated and then fused with q0 cells to create an array of
cybrids harboring various amount of CD ranged 0–80% (Fig. 2). The amount
of CD in each clone was quantitated by Southern hybridization using a 1577-bp
mtDNA probe specific for the D-loop region (nucleotide positions 16,455–
16,462) wild type-mtDNA [18]. Cells were cultured in medium consisting of
Dulbecco’s modified Eagle’s medium (Life Technologies, Grand Island, N.Y.,
USA) supplemented with 10% (v/v) fetal bovine serum and with uridine (50
mg/l) and pyruvate (100 mg/l) to stabilize the proportion of CD in each clone
during culture. Cells were then plated onto No. 1 glass coverslips for
fluorescent measurement experiments (Model No. 1, VWR Scientific, San
Francisco, CA, USA).
2.2. Chemicals and fluorescent dyes loading for studying
mitochondrial function
All chemicals were obtained from Sigma (St. Louis, MO, USA) and
fluorescent dyes were purchased from Molecular Probes Inc. (Eugene, OR,
USA). Mitochondrial function was studied by imaging dynamic changes in
mitochondrial morphology, mitochondrial ROS formation, DWm, and
mitochondrial calcium concentration using specific fluorescent probes. To
image mitochondrial morphology, cells were loaded with a mitochondrial-
targeted fluorescent probes, MitoTrackerR Green FM (Mito-G) or
MitoTrackerR Red CMXRos (Mito-R) both at concentration of 50–100
nM. DWm was detected using 50–100 nM TMRM. ROS was visualized
using acetyl ester form of 2 ı`M DCF. Nuclei of dead cells were stained
with 1 ı`M propidium iodide (PI). Fluorescent probes were all loaded at
room temperature for 30 min. After loading, cells were rinsed with HEPES-
buffered saline (140 mM NaCl, 5 mM KCl, 1 mM MgCl2, 2 mM CaCl2,
10 mM glucose, 5 mM HEPES, pH 7.4) and mounted on a cell chamber
for microscopic observation. All experiments were performed at room
temperature.
2.3. Fluorescence measurement of conventional and multiphoton
imaging microscopy
All phase-contrast and conventional fluorescence images were obtained
using a Zeiss AxioVert 200M inverted microscope (Carl Zeiss, Jena,
Germany) equipped with a mercury lamp (HBO 103), a cool CCD camera
(Coolsnap fx; Roper Scientific, Tucson, AZ, USA), and Zeiss objectives
(Plan-NeoFluar 100X, N.A. 1.3 oil). DCF and Mito-G were detected using
450–490 nm excitation and 515–565 nm emission. Mito-R and TMRM were
detected using 546 nm excitation and >590 nm emission. Confocal images of
cells and mitochondria were collected on a Bio-Rad Radiance 2100 (Bio-Rad,
London, UK) using 488 nm Argon laser illumination. During fluorescence
imaging, the illumination light was reduced to the minimal level by using
appropriate neutral density filters to prevent bleaching and autooxidation of
the fluorescent probes. To avoid single photon induced autooxidation of ROS
probe, multiphoton illumination was applied as previous described [28].
Fig. 2. Establishment of an array of CD cybrids. Human 143B osteosarcoma cells were depleted of mtDNA by ethidium bromide treatment. Human skin fibroblasts
obtained from a clinically confirmed CPEO patient were enucleated and then fused with q0 cells to create a range of cybrids clones including 0% CD wild type as
control (W cybrids), 16% CD, 50% CD and 80% CD (D cybrids). In this study, W and D cybrids were used mainly for investigation and comparison.
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Microsystems, Leica, Mannheim, Germany) direct coupling system equipped
with a Ti:Sa-Laser system (model: Millenia/Tsunami; Spectra-Physics,
Mountain View, CA, USA) providing a pulse repetition rate at 82 MHz,
laser pulse width of 1.2 ps, a spectral bandwidth of 1 nm and object pulse
width of 1.3 ps). Wavelength at 800 nm with an average laser power of 600
mW was selected for illumination. Emission fluorescence were collected at
530 nm for DCF and at >590 nm for TMRM. All images were processed and
analyzed by using MetaMorph software (Universal Imaging Corp., West
Chester, PA, USA). Pseudo-color scale ranged from 0 to 255 units was used
to enhance the contrast of fluorescence changes for each image. Intensity
levels were analyzed from the original images and graphed using Photoshop
and Microsoft EXCEL software.
2.4. Imaging ROS generation in subcellular compartments
DCF is a membrane-permeable ROS probe that diffuses readily across lipid
membranes of cytoplasm and organelles to allow measurement of ROS in
subcellular compartments. DCF fluorescent signals originated from the cytosol,
the mitochondria and the nucleus were confirmed by a 3D reconstructed DCF
image (not shown). ROS level in each subcellular compartment was calculated
based on fluorescent image of Mito-R, TMRM or phase-contrast image from
the same cell to identify the precise location of mitochondria (also see Fig. 8F).
Briefly, nuclear ROS was measured from non-mitochondrial subcellular ovalshape area based on phase-contrast and TMRM image. The non-mitochondrial
and non-nuclear areas were considered as the cytosol for measuring cytosolic
ROS. DCF images and TMRM images were displayed with either pseudo-color
or mono-color scale from 0 to 255 units to enhance the contrast. Intensity
values were analyzed per pixel from the cytosol, the mitochondria and the
nucleus. Fluorescence intensity changes in the experiments with DCF were
normalized with the control. Significance of differences was evaluated using
the Student’s t test.
2.5. Apoptotic cell analysis
Apoptotic characteristics of condensation and fragmentation of the
nucleus were identified by both phase-contrast and fluorescent PI image.
Nuclear sizes of cells prior to and after H2O2 treatment were analyzed using
MetaMorph software. In addition, PS externalization, caspase-3 activation
and DNA laddering were detected as an indication for apoptosis. H2O2-
induced PS exposure was detected using FITC-conjugated Annexin V
staining as green fluorescence on the plasma membrane during the
occurrence of PS externalization. The precise time point for PS exposure
and its relation to mROS formation were carefully determined by time-lapse
imaging of cells using laser scanning imaging microscopy. Release of
cytochrome c was detected by immunocytochemistry (ICC) in fixed cells
and cytochrome c –GFP in intact cells (see later). Briefly, cultured cells
were fixed with 3.7% paraformaldehyde permeabilized with 0.5% Triton X-
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Research Products, Mountain View, CA, USA) and second goat anti-mouse
polyclonal antibody conjugated with FITC (Jackson Immuno Research Lab,
Inc., West Grove, PA, USA) and visualized by a confocal microscope with
100x oil immersion objective. Caspase-3 activity was measured by using a
Caspase-3 Colorimetric Assay Kit (BioVision, Inc.) and by visualization
using a Intracellular Activity Kit PhiPhiLux-G1D2 as the manufacturer
described. Apoptotic DNA ladders were analyzed using the Apo-Alert LM-
PCRTM Ladder Assay Kit from Clontech (Palo Alto, CA, USA) which
specially amplified nucleosomal ladders generated during apoptosis. Briefly,
cellular DNA was collected from control cells and cells treated with H2O2.
The extracts were treated with RNase A and Proteinase K. The LMPCR
assay was performed according to the user manual (15 PCR cycles). A
quantity of 15 lL of each PCR products was electrophoresed on a 1.2%Fig. 3. CD-augmented mROS generation omitted threshold effect in four CD cybrids
50% (c), and 80% (d) CD. Images were taken at resting, during and after exposure of
ranged from 0 to 255. Note H2O2 treatment-induced ROS generation was originat
originated from whole cell at rest, during and after H2O2 treatment in four lines o
supplementary materials* (similar results were found in 4 other experiments).agarose gel at 6 V/cm for approximately 2.5 h and DNA was detected by
ethidium bromide under UV light.
2.6. Procedures for plasmid preparation and transfection
A full-length cDNA encoding rat cytochrome c was obtained by PCR
amplification using cDNA prepared from brainstem mRNA. PCR oligonu-
cleotide primers were designed to introduce the KOZAK sequence and
remove the stop codon of cytochrome c. The cDNA fragment of GFP, which
lacks the start codon, was obtained by PCR and ligated into a mammalian
expression vector pBKCMV (Stratagene, La Jolla, CA). Subsequently, cDNA
of cytochrome c was subcloned into pBKCMV vector and fused with cDNA
of GFP. For transfection of pBKCMV vector containing cDNA of cytochrome
c –GFP fusion protein, cells (4105) were plated on poly-d-lysine-coated. (A) four time-lapse DCF images series in cybrids containing 0% (a), 16% (b),
10 mM H2O2 at 5-min interval. ROS level was displayed in a pseudocolor scale
ed mostly from mitochondrial areas. (B) Quantitative analysis of DCF signals
f cybrids. Above events are documented in several time-lapse movie files as
Fig. 4. CD-enhanced mitochondrial swelling, blebing of plasma membrane and condensation of cells and nuclei upon H2O2 treatment. (A–F) Six sets of time-lapse images. (A, D) Dual fluorescence images of Mito-G
and PI. (B, E) Phase-contrast images. (C, F) Merged images of Mito-G, PI and phase-contrast from the same cells show the continuous correlation between mitochondrial swelling (Mito-G images), blebing of plasma
membrane (phase-contrast images) and condensation of cells and nuclei (PI images). (A–C) W cybrids. (D–F) D cybrids. Images were taken before and after 10 min exposure of 10 mM H2O2 (the second images in
each sets). Images were then taken in 10 min intervals for 40–70 min. Images in panels D–F were slightly enlarged to have better resolution of mitochondrial morphology and plasma membrane blebing.
Mitochondrial swelling, blebing of plasma membrane and condensation of cells and nuclei were more severe and earlier in panels D–F D cybrids. Above events are documented in several time-lapse movie files as
supplementary materials*. Scale bar, 10 Am for A–C and 7 Am for D–F.
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Fig. 5. H2O2-induced mitochondrial swelling in W and D cybrids. (A) W cybrids; (B) D cybrids. Confocal Mito-G images of H2O2-triggered fully swollen
mitochondria were taken at 10 min (W cybrids) and 2 min (D cybrids) after H2O2 exposure.
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cationic lipid Lipofect-AMINEi (Life Technologies, Inc., Gaithersburg, MD,
USA). After 24–48 h, transfected cells were used for confocal imaging
recording.Table 1
Effects of CD on H2O2-induced mitochondrial swelling, lost of Mito-G, cell
blebing, PI staining and condensation of nuclei in W and D cybrids
Time
(min)/cybrid
Mito
swelling
Lost
Mito-G
Cell
blebing
PI Condensation
of nucleus
W type 10 50 50 70 70
D type 2 30 30 40 403. Results
3.1. CD-augmented mROS formation in H2O2-treated CD
cybrids omits ‘‘threshold effect’’
CD cybrids harboring 0%, 16%, 50% and 80% of CD
showed very minor difference in their microscopic morphol-
ogy. However, when the percentage of CD increased cells grew
much slower. Cell doubling times increased from 14 h in W
cybrids to 23 h in D cybrids. Unlike mtDNA less q0 cells,
which has been reported to be more resistant to apoptotic insult
[37–39], we found CD cybrids were more vulnerable to
stresses induced by H2O2, ionomycin, and arachidonic acid
[30,43]. How CD alters ROS generation at resting and upon
treatment of H2O2 in four CD cybrids is shown in Fig. 3. These
time-lapsed series of spatio-temporal kinetic profiles revealed
in detail how CD dose-dependently augmented ROS genera-
tion, particularly the mROS generation, at resting and upon
oxidative stress. Note how the resting ROS level in each CD
cybrid increased in proportional to increased amount of CD
(Fig. 3Aa–d). The CD-induced ROS generation was further
enhanced after cybrids treated with H2O2. When subcellular
ROS levels were analyzed in detail, ROS in the mitochondria
was found to be much higher than all other compartments such
as the cytosol and the nucleus. Intriguingly, cybrids containing
the lowest amount of CD (16%) also showed significantly
elevated ROS and mROS at resting and upon H2O2 treatment
indicating small amount of CD-induced ETC defect is
obligated to cause mROS generation. Note the high mROS
gradients in cybrids containing 80% of CD reached the highest
pseudocolor level (red) after H2O2 treatment. The high mROS
induced by H2O2 treatment soon resulted in severe plasma
membrane blebing. Quantitative analysis of DCF signals at
resting and after H2O2 treatment in four CD cybrids is shown in
Fig. 3B.3.2. CD enhances mitochondrial dysfunction and apoptosis
upon H2O2 treatment
To determine whether or not CD-induced ETC defect affects
the capability for mitochondria to arbitrate apoptosis, we
imaged mitochondria-mediated apoptotic events upon oxidative
stress in cybrids containing the highest amount of CD (80%, D
cybrids) and compared that with W cybrids. Changes in
mitochondrial morphology and cell viability were concurrently
detected by dual fluorescence recording of Mito-G and PI as
well as by phase-contrast images. As the Mito-G (or Mito-R)
formed tight covalent bond with mitochondrial membrane, the
disappearance of fluorescence was taken as an indictor for the
lost of mitochondrial membrane integrity (Fig. 4). Note that
mitochondria swelled very fast after treatment of H2O2.
Mitochondrial swelling was followed by plasma membrane
blebing and later apoptotic nuclear condensation. These events
were significantly enhanced by CD. Also note that mitochon-
drial swelling in both cybrids appeared at a relatively early time
points (within 10 min) during the entire H2O2 treatment-
triggered apoptosis (2–3 h later) indicating that mitochondrial
dysfunction is an early and relevant event in H2O2 induced
apoptosis. The precise time point for the appearance of
mitochondrial swelling as an indication of opening of the
MPTP was further determined by advanced laser scanning
imaging microscopy. As shown in Fig. 5, the time required for
the appearance of fully mitochondrial swelling was shorten
from 10 min to 2 min after treatment of H2O2 in D cybrids. Soon
after mitochondria fully swelled, they gradually lost the
capability to retain Mito-G. Time required for the lost of
fluorescence of Mito-G shortened from 50 min (W cybrids) to
30 min (D cybrids). Other CD-augmented apoptotic events
Fig. 6. Apoptotic externalization of PS, caspase-3 activation and DNA laddering in D cybrids upon H2O2 treatment. (A) Apoptotic PS externalization.
Externalization of PS and dead nuclei were detected by dual labeling of Annexin-V (a, in green), PI (b, in red) with their phase-contrast images (c) at 20 min
after H2O2 treatment. (B) Caspase-3 activation. Caspase-3 activation was detected by fluorescence of Phiphilux (a, c) together with phase-contrast images (b, d)
in D cybrids at 20 min (a, b) and 40 min (c, d) after H2O2 treatment; Bar, 10 ı`m. (C) DNA laddering: M, makers; C, control; 1, H2O2 W cybrids; 2, H2O2 D
cybrids.
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condensation were summarized in Table 1. H2O2-triggered
apoptosis in D cybrids were evidenced by visualization ofFig. 7. CD-augmented mROS generation and DWm depolarization upon H2O2 trea
cybrids), (G– I) super sensitive D cybrids (SS-D cybrids). Time-lapse fluorescence im
taken simultaneously. Merged images of DCF (for ROS) and TMRM (for DWm) wer
state. Second images of each image series were taken right after 10 min H2O2 trea
Steadily increases of mROS, as reflected by increases of DCF fluorescence intensities
Depolarizing DWm, as reflected by decreases of TMRM fluorescence intensities in
Note that mROS levels were rather high even at very low DWm state. Above eventsexternalization of PS and condensation of nuclei (Fig. 6A),
activation of caspase-3 (Fig. 6B) and laddering of nuclear DNA
(Fig. 6C).tment in D cybrids. (A–C) W cybrids, (D–F) less sensitive D cybrids (LS-D
ages of DCF (for ROS) (A, D and G) and TMRM (for DWm) (B, E and H) were
e shown in panels C–I. First images of each image series were taken at baseline
tment. Images were then taken at 1 min interval for 10 min. Scale bar, 10 Am.
in mitochondrial areas, continued even long after H2O2 had been washed away.
mitochondrial areas, were noted later on and were more evident on D cybrids.
are documented in several time-lapse movie files as supplementary materials*.
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and the MPTP opening upon H2O2 treatment
How CD-augmented mROS formation affects DWm was
investigated by concurrent imaging the dynamic changes in
dual fluorescence of DCF and TMRM at resting and upon
treatment of H2O2 in W and D cybrids. Lost of fluorescence of
DCF and TMRM was used as an indicator for opening of the
MPTP. In Fig. 7, the correlation between mROS and DWm at
resting and upon H2O2 treatment were demonstrated in several
mosaic time-lapse images of DCF (Fig. 7A, D and G), TMRM
(Fig. 7B, E and H) together with merged images of DCF and
TMRM (Fig. 7C, F and I) in W (Fig. 7A–C) and D (Fig. 7D–I)
cybrids. Intriguingly, there were two subtypes of mitochondrial
dysfunction found in D cybrids upon H2O2 treatment, namely
the less sensitive D cybrids (LS-D cybrids, Fig. 7D–F) and the
super sensitive D cybrids (SS-D cybrids, Fig. 7G–I). SS-D and
LS-D cybrids each comprised roughly 20% and 80% of total D
cybrids, respectively. As compared to LS-D cybrids, treatment
of H2O2-induced much faster mROS generation and DWm
depolarization in SS-D cybrids. mROS reached the peak in
about 6–7 min and 2–3 min after H2O2 treatment in LS-D
cybrids and SS-D cybrids, respectively. Soon after mROS
reached the peak, mitochondria lost fluorescence of DCF and
TMRM indicating opening of the MPTP. Note DCF and TMRM
in SS-D cybrids decreased to non-detectable level in Fig. 7Gl,
Hl, and Il. SS-D cybrids soon formed severe plasma membrane
blebing and died within the 10-min recording periods. LS-D
cybrids did not completely lose fluorescence of DCF and
TMRM until 10–12 min after H2O2 treatment. In contrast,
fluorescence of DCF and TMRM did not completely diminish
until 20–25 min after H2O2 treatment in W cybrids. Note the
merged images in Fig. 7C were much brighter than that shown
in Fig. 7F and I. Precise analyses of above results were shown in
Fig. 8. Note that resting mROS level in SS-D cybrids was higher
than that found in LS-D and W cybrids. H2O2-induced mROS
generation in SS-D cybrids also reached the peak faster than the
other two cybrids (Fig. 8A). It was noticed that resting DWm in
SS-D cybrids was found to be more hyperpolarized than that
detected in LS-D cybrids. The precise correlation between
mROS formation and DWm depolarization upon H2O2 treatment
in W, SS-D and LS-D cybrids were plotted in Fig. 8C–E. Note
that H2O2-triggered mROS formation was associated with a
significant DWm depolarization and was significantly augment-
ed by CD. In particular, significant depolarization of DWm did
not occur until there was a significant increase in mROS
indicating that depolarization of DWm may be secondary to
mROS generation. CD significantly shifted the cross point for
mROS curve and DWm curve from 5.5 min (W cybrids) to 1.8Fig. 8. Quantitative analysis of mROS generation and DWm depolarization upon H2O
intensities in mitochondrial areas of W cybrids and two types of D cybrids triggered b
in mitochondrial areas of W cybrids and two types of D cybrids triggered by H2O2 t
intensities in W cybrids. (D, E) DCF fluorescence intensities plotted against TMRM
each lines] (F) A TMRM image of a control W cybrids (same as Fig. 7Ba) demon
compartments. (G) Quantitative analysis of ROS generation in three subcellular co
panels A and B, open circle is W, filled circle is LS-D, filled triangle is SS-D cybrid
symbol is the nucleus (N), triangle symbol is the cytosol (C) and circle symbol ismin (LS-D cybrids) and to 0.8 min (SS-D cybrids). These
imaging data also provided in detail how CD affected ROS
formation in different subcellular compartments including the
mitochondria, the cytosol and the nucleus. As shown in Fig. 8F,
a TMRM image of a control W cybrids (same as Fig. 7Ba)
demonstrates how each subcellular area was selected for
measuring ROS from the mitochondria, the cytosol and the
nucleus. Quantitative analyses of ROS production in these three
compartments upon H2O2 treatment in W and LS-D cybrids are
shown in Fig. 8G. Similar to our previous observation, the
highest ROS gradient was found in the mitochondrial area. The
high gradient of mROS at resting and after H2O2 treatment was
significantly enhanced by CD. It is also noticed that ROS
increase in the nucleus and the cytosol was preceded by mROS
increase suggesting a primary role for the mitochondria in CD
cybrids upon H2O2 treatment. In SS-D cybrids, unlike LS-D
cybrids (Fig. 7D) and W cybrids (Fig. 7A), their mROS reached
the peak without any detectable DCF signal in the cytosol and
the nucleus during the entire course of CD-augmented mROS
upon H2O2 treatment (see Fig. 7G).
Finally, we investigated whether or not CD-enhanced
mROS formation can effectively cause opening of the MPTP
and release of cytochrome c by over-expressed cytochrome c–
GFP. Cybrids were coloaded with TMRM for concurrent
measurement of cytochrome c release and DWm. As shown in
Fig. 9A, W cybrids contained a strong signal of cytochrome c–
GFP that colocalized with TMRM signal (Fig. 9Aa–c). In D
cybrids, mitochondria over-expressed with cytochrome c–GFP
were often found to be slightly swollen (Fig. 9Ba) and were
associated with depolarized DWm (Fig. 9Bb). It was noticed
that mitochondria with lower DWm were often associated with
much diffused cytochrome c–GFP signal suggesting a DWm-
dependent cytochrome c release. Soon after H2O2 treatment,
DWm depolarized further and resulted in complete lost of
cytochrome c (Fig. 9Bc–f). DIC image in Fig. 9Bg demon-
strates D cybrids died at 2 min after H2O2 treatment. In
contrast, W cybrids over-expressed with cytochrome c–GFP
did not die until 10 to 15 min after H2O2 treatment. The CD-
enhanced release of endogenous cytochrome c was also
confirmed by immunocytochemistry method (results not
shown).
4. Discussion
4.1. CD-augmented mROS formation omits ‘‘threshold effect’’
Using cybrids to exclude the influence of nuclear DNA
encoded factors, threshold effect on CD-induced mitochondrial
dysfunction has been studied in an array of CD cybrids [18]. It2 treatment in W and D cybrids. (A) Progressive increases of DCF fluorescence
y H2O2 treatment. (B) Progressive decreases of TMRM fluorescence intensities
reatment. (C) DCF fluorescence intensities plotted against TMRM fluorescence
fluorescence intensities in two types of D cybrids. [From panel A to E, n =4 in
strates how subcellular areas were selected for measuring ROS in subcellular
mpartments upon H2O2 treatment in W and D cybrids (n =4 in each lines). In
s. In panel G, open symbols are W and filled symbols are LS-D cybrids. Square
the mitochondria (M).
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Fig. 9. CD-enhanced GFP–cytochrome c release upon H2O2 treatment in D cybrids. (A) GFP–cytochrome c images in a W cybrids: (a) cytochrome c –GFP, (b)
TMRM, (c) merged image. (B) GFP–cytochrome c images of D cybrids: (a, c, e) cytochrome c –GFP, (b, d, f) TMRM; (a–b) control, (c–d) 30 s after H2O2
treatment, (e– f) 1 min after H2O2 treatment; (g) DIC image of the same cell 2 min after H2O2 treatment to show apoptotic blebing and shrinkage of the cells.
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including the DWm, rate of ATP synthesis, and cellular ATP/
ADP ratio all required the proportion of CD exceeded a
‘‘threshold’’ of 50–55%. Conversely, this study provides the
first imaging evidences that CD-augmented mROS formation
omits ‘‘threshold effect’’. Low level of CD-contained mito-
chondria, although maintaining a normal level of ATP
production, may already suffer an oxidative hazard resulted
from CD-induced ETC damage and hence CD-augmented
mROS generation. Upon oxidative stress, the amount of CD-
augmented mROS generation can be greatly enhanced to cause
pathological apoptotic deterioration. These results, thus,
suggest any small amount of CD-induced ETC defect may be
obligated for an enhanced pathological mROS generation far
before ATP deficiency reaching a detectable level.4.2. CD-induced heterogeneous mitochondrial dysfunction
We observed single cell level of heterogeneity of mito-
chondrial dysfunction in D cybrids upon treatment of H2O2.
The two subtypes of D cybrids are the LS-D cybrids and the
SS-D cybrids each comprises about 80% and 20% of D
cybrids, respectively. Faster and greater mROS generation and
DWm depolarization were observed in SS-D cybrids, which
render faster apoptotic deterioration upon oxidative stress.
Presumably, this may be caused by the heteroplasmic
distribution of CD in different mitochondrial population
within single cybrids. Thus, determination of the degree and
distribution of heterogeneity of CD-augmented mROS forma-
tion may serve as a useful index for clinical prediction of
same amount of CD-induced pathological outcome. It is
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generated from other compartments including the nucleus and
the cytosol in the LS-D. In SS-D cybrids, H2O2-induced
mROS generation alone (without detectable ROS increase in
the nucleus and the cytosol) was sufficient to induce cell
deterioration. These results suggest mROS generation may
play a central role in mediating CD-induced pathological
consequences and apoptosis. CD may not affect ROS
generation from sources like cytochrome P-450, nitric oxide
synthase, xanthine oxidase, NADPH oxidase, lipoxygenases,
and cyclooxygenases. Thus, mitochondrial-targeted protectors
and antioxidants such as melatonin [25], carbon nanoparticle
C60 derivative, C3 [42], and mito-Q [43] may provide
effective treatments for mROS-associated mtDNA mutation-
induced mitochondria diseases. Alternatively, heteroplasmy of
CD-augmented mROS formation also provides a potential
therapeutic possibility to reverse mutant mtDNA toward
normal if the high mutant mtDNA-contained mitochondrion
can be selectively removed by an enhanced mechanism of
mROS generation such as visible laser irradiation coupled
with mitochondria-targeted photosensitizers [42,44–46].
4.3. CD-induced mROS generation and DWm depolarization
Our dual fluorescence measurement of mROS and DWm
revealed in detail how CD affects the correlation between
mROS and DWm at resting and upon oxidative stress induced
by H2O2 treatment. These results not only provide the evidence
that CD-augmented mROS generation was associated with a
much depolarized DWm in D cybrids, but also demonstrate that
D cybrids with higher mROS formation and depolarized DWm
were much more vulnerable to oxidative stress than W cybrids.
Although possessing relatively low DWm, mROS generation
was much enhanced in D cybrids. The inverse correlation
between mROS accumulation and DWm depolarization trig-
gered by H2O2 stress seen in D cybrids was somewhat in
discrepancy to reports by others. Loschen et al. [26] observedFig. 10. Schematic diagram for CD-enhancedsubstantial H2O2 production under conditions of maximal DWm
(state IV respiration), whereas down-regulation of the DWm
(state III respiration) stopped mitochondrial transfer of single
electrons to oxygen out of sequence. It was assumed that the
DWm at its highest level (state IV) triggers the deviation of
single electrons to dioxygen, which results in the generation of
superoxide radicals. The superoxide radical generation was
obtained in the presence of oligomycin to keep and preserve
DWm at high levels [47]. Similarly, inhibited oxidation
phosphorylation enhances mROS production in adenine
nucleotide translocator gene knock out mice [19] and in ATP
synthase 8993T>G point mutation cybrids [29]. Nevertheless,
mROS-induced DWm depolarization may initiate O2
S gener-
ation as suggested in the study that declined DWm in aging
mitochondria stimulates O2
S formation [31]. Hence, electron
leak may not solely depend on DWm per se but also the well
being of the ETC or the ‘‘respiratosome’’ [48]. In this study,
increased electron leak can result from oxidant-induced
damage in the ETC and this damage can be more severe in
mitochondria containing CD (SS-D and LS-D cybrids), in an
already injured ETC. As shown in Fig. 1, CD-disrupted
polypeptides comprise four polypeptides (ND3–ND5, ND
4L) in complex I, one of the major site for mROS generation.
We postulate that complex I in CD-contained mitochondria is
more susceptible to oxidant-induced damage with greater
electron leak. DWm depolarization seen upon H2O2 treatment
was a result from mROS generation as kinetic profiles
demonstrated a time lag for DWm depolarization after mROS
generation in both W and D cybrids. Whether or not more
hyperpolarized DWm in SS-D cybrids (as compared to LS-D
cybrids) is responsible for faster mROS formation and cell
deterioration awaits further elucidation.
4.4. CD-induced defect in the ETC enhances apoptosis
Mitochondria containing mutant mtDNA encoded abnor-
mal subunits of the ETC complexes have been reported tomitochondrial dysfunction and apoptosis.
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While these mitochondria are more prone to be dysfunctional,
they may not be more vulnerable to oxidative stress [37–
39,51]. Davermann et al. [38] reported that respiratory-
deficient q0 cells were up to 100-fold more resistant than
their isogenic mtDNA contained (q+) cells to bleomycin-
phleomycin. Park et al. [37] reported that q0 SK-Hep1
hepatoma cells are resistant to apoptosis due to an adaptive
increase in the expression of antioxidant enzymes. Similarly,
Mott et al. [39] found that the mtDNA mutations induce
protective expression of Bcl-2 and Bfl-1, pro-survival
proteins. Our results, however, demonstrated CD-induced
ETC defect results in significantly elevated mROS and
depolarized DWm and can effectively lead to an enhanced
apoptotic signaling. CD did not affect distribution of nuclear
encoded cytochrome c and its release upon oxidative stress.
CD-induced mROS results in an enhanced MPTP opening,
cytochrome c release, phosphatidylserine externalization and
apoptotic DNA fragmentation. A schematic diagram summa-
rizing the time course of CD-augmented mitochondrial
dysfunction and apoptosis is shown in Fig. 10.
4.5. Imaging mROS at single cell level
Finally, most of our knowledge concerning the effect of
oxidative stress on mitochondria derives from studies per-
formed on isolated mitochondria [52–54], and relatively little
is known about the state of mitochondria in living cells
exposed to oxidative conditions. Located deeply inside the
cells, mitochondria interact closely with many cellular compo-
nents in executing their physiological or pathological actions
such as energy production, calcium ion homeostasis, free
radicals generation, and apoptosis induction. When interactions
between mitochondria and other parts of the cells are
implicated, it is necessary to use intact cells as preparation to
study mitochondrial function. Furthermore, the morphology
and DWm of single mitochondrion inside a cell are not all
similar. In fact, we have often visualized subcellular heteroge-
neity of mROS distribution [23,28]. Such heterogeneity can be
enhanced by stresses like mtDNA mutation [29,30,43], visible
laser irradiation [23,27–29] and photodynamic effect of
mitochondria-targeted photosensitizers [42,44–46]. In the
study of dynamic functions of mitochondria in living cells,
mitochondria should be examined individually, not as a whole.
The spatial and temporal profiles of dynamic changes in mROS
with other subcellular compartments including the nucleus and
the cytosol, thus, can be explored in detail.
5. Conclusion
In conclusion, these results suggest a dose-dependent, feed-
forward, and self-accelerating vicious cycle of mROS produc-
tion might be initiated in CD-induced ETC defect without
threshold effect. As CD-augmented mROS generation is
obligated to cause an enhanced pathological apoptosis, precise
detection of CD-augmented mROS generation and degree of
heterogeneity at single cells may serve as sensitive pathologicalindexes for an early diagnosis, prognosis and treatment of CD-
associated diseases.
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